The sequences required for integration of retroviral DNA have been analyzed in vitro. However, the in vitro experiments do not agree on which sequences are required for integration: for example, whether or not the conserved CA dinucleotide in the 3 end of the viral DNA is required for normal integration. At least a portion of the problem is due to differences in the experimental conditions used in the in vitro assays. To avoid the issue of what experimental conditions to use, we took an in vivo approach. We made mutations in the 5 end of the U3 sequence of the Rous sarcoma virus (RSV)-derived vector RSVP(A)Z. We present evidence that, in RSV, the CA dinucleotide in the 5 end of U3 is not essential for appropriate integration. This result differs from the results seen with mutations in the U5 end, where the CA appears to be essential for proper integration in vivo. In addition, based on the structure of circular viral DNAs smaller than the full-length viral genome, our results suggest that there is little, if any, integrase-mediated autointegration of RSV linear DNA in vivo.
The retroviral life cycle is characterized by the conversion of the single-stranded RNA genome found in virions into a double-stranded linear DNA that is subsequently integrated into the host cell genome. Viral DNA synthesis takes place in the cytoplasm of the infected cell. The RNA genome of the virus is copied into DNA by a virally encoded enzyme, reverse transcriptase (RT). RT contains two enzymatic activities, a DNA polymerase that can copy either an RNA or a DNA template, and an RNase H that cleaves RNA only if the RNA is part of an RNA/DNA hybrid. Like many other DNA polymerases, RT requires both a template and a primer. First (minus)-strand DNA synthesis is initiated from a cellular tRNA primer that is base paired at the primer binding site (PBS), which is near the 5Ј end of the viral genomic RNA. During the reverse transcription process, this tRNA primer is removed from the end of the minus-strand DNA by RNase H; this defines the right (U5) end of the linear viral DNA. Second (plus)-strand DNA synthesis is initiated from a polypurine tract (PPT) primer adjacent to U3. The RNase H cleavages that generate and remove PPT primer define the left (U3) end of the linear viral DNA (31) .
After reverse transcription, the linear viral DNA is transported to the nucleus, where the viral DNA is inserted into the host genome in a reaction mediated by the viral enzyme integrase (IN). Retroviral integration is an essential step in the viral life cycle. The integrated viral DNA is called the provirus. The provirus is copied into RNA by the host DNA-dependent RNA polymerase. This viral RNA then is used both as the viral genome and as viral mRNA (2, 8, 9, 17, 27, 30) . In the integration step, IN recognizes sequences at the ends of linear viral DNA, termed the attachment site (att), and usually removes two nucleotides adjacent to the conserved CA dinucleotide on each of the 3Ј ends of the linear viral DNA (6, 11, 15, 28) . In the next step, the processed ends of the viral DNAs are joined to the host chromosomal DNA. The reaction catalyzed by IN leaves short gaps between the viral DNA and host DNA which are repaired by host enzymes, creating a short direct repeat (4 to 6 bp) of the host sequence that flanks the integrated provirus (7, 13, 14, 28) .
The sequences required for integration have been analyzed in vitro for both avian leukosis-sarcoma virus (ASLV) and human immunodeficiency virus type 1 (HIV-1) IN. In integration reactions carried out in vitro, the canonical CA in the viral sequence is thought to be important; when the CA of either the U5-or the U3-derived att site is changed, several groups have reported that 3Ј processing and strand transfer are significantly impaired (10, 16, 18, 32) . However, different researchers have reported different sequence requirements for in vitro integration by HIV-1 IN: for example, that the CA is required (10) or that it is not (33) . Zhou et al. (33) showed that sequences other than the CA dinucleotide can be successfully integrated by ASLV IN in an in vitro reaction. It is possible that some of the differences seen in the in vitro assays come from the fact that different laboratories have used different preparations of IN and have used somewhat different conditions for the integration reactions. One solution to this problem is to determine the sequence requirements in vivo. However, at least for ASLV, a linear viral DNA with one defective end can be integrated in the host genome with good efficiency even though the aberrant end is not inserted by IN (24) . For this reason, titer is not sufficient to determine whether IN can properly insert an aberrant end. Colicelli and Goff (4, 5) reported that murine leukemia virus (MLV) could, with reduced efficiency, replicate if there were one or four nucleotides between the CA and the PBS but not with an end with no nucleotides between the CA and the PBS. Analysis of autointegrants suggested that MLV IN could remove one or four nucleotides beyond the CA; however, it was not clear in these experiments whether a CA was required for IN-mediated integration of MLV DNA (4, 5) . In HIV-1, changing the CA dinucleotides at both ends of the linear HIV-1 DNA to TG caused a replication defect and the resulting virus had an integration efficiency approximately 1% of that of the wild-type virus (1, 21) . However, mutating the canonical CA sequence at only one end of HIV-1 linear DNA gave rise to viruses with an integration efficiency about 10 to 30% of that of the wild type (1, 22) . In these experiments, the structure of the proviruses produced by inserting HIV-1 viral DNAs with one defective end was not determined. For this reason, it is not clear whether mutating either of the conserved CAs found at the ends of the HIV-1 linear DNA leads to the generation of normal or aberrant proviruses. In the experiments with RSVP(A)Z, we showed that the CA in U5 was essential for efficient integration in vivo. However, the sequences of the U5 and U3 ends of the RSVP(A)Z vector are different, and it was not clear that mutating the CA in U3 would have the same effect on the integration of viral DNA.
Here, we made mutations that changed the sequence of the 5Ј end of the U3 sequence of RSVP(A)Z and analyzed the effects of the mutations on the viral titer, two-long terminal repeat (two-LTR) circle junctions, and integration. RSVP (U3CATG) and RSVP(U3CATC) did not measurably affect the relative virus titer. The relative titer of RSVP(U3TCTT) was about 75% of that of the wild type; the titer of RSVP (U3CAT) was about half of that of the wild type. The two-LTR circles are derived by the ligation of the ends of the linear viral DNA and can be used as surrogates that can be used to infer the sequences at the ends of the linear viral DNA, which are difficult to analyze directly. The two-LTR circle junction sequences that we obtained suggest that RSV RNase H removes the entire PPT primer regardless of the sequence changes in U3. In the case of RSVP(U3CAT), in which there is only a single nucleotide beyond the CA dinucleotide at the U3 end, 30% of the proviruses that we isolated were from aberrant integrations in which the insertion of the U3 end into host DNA apparently did not involve viral IN. These aberrant integrations were similar to the aberrant integrations that we reported in experiments involving mutant viruses with aberrant U5 ends, in which there is one nucleotide between the CA and the PBS (24) . However, in the case of RSVP(U3TCTT), in which the CA of the U3 was mutated to TC, about 60% of the proviruses were properly integrated using the TC and the resulting proviruses were flanked by a normal 5-or 6-bp duplication of host sequence. This result was different from our recent finding with RSVP(CATC), in which the CA sequence of U5 was changed to TC (24) . All of the proviruses derived from infections with RSVP(CATC) were aberrant. This result suggests that the conserved CA dinucleotide is not required for appropriate integration of the U3 end in vivo, although, in U5, the conserved CA dinucleotide was essential.
In the nucleus of an infected cell, some of the unintegrated linear viral DNA is converted into several different kinds of circular DNAs; one-LTR circles are formed by homologous recombination between the LTRs of the linear viral DNA, two-LTR circles are formed by joining the ends of the linear viral DNA, and other circular forms are generated both by IN-mediated autointegration and by other, less well defined processes. If there is IN-mediated autointegration, products can be formed by the integration of one or both of the viral DNA ends into viral DNA. In the present study, we isolated 130 smaller circular viral DNAs, in which aberrant U5 ends were joined to various positions of the viral DNA, deleting a portion of the U3 end of the viral DNA. The sequences of the viral/viral DNA junctions show that the conserved CA sequence used in the integration of the linear viral DNA into host DNA was not used to generate any of these smaller viral DNAs. Normal viral DNA integration does not involve microhomology; however, most of the viral/viral DNA junctions in the smaller circular viral DNAs involved microhomologies that ranged in size from 1 to 5 nucleotides. These results suggest that, in contrast to the linear viral DNAs of other retroviruses, RSV linear DNA does little, if any, IN-mediated autointegration in vivo.
MATERIALS AND METHODS
Plasmid construction. Mutations were introduced into the 5Ј end of the U3 sequence next to the PPT using in vitro site-directed mutagenesis with KS/RSVP (A)Z as a template and appropriate sets of primers using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA), following the manufacturer's recommendations. KS/RSVP(A)Z has a 0.9-kb MluI-to-SacI fragment containing the PPT, both LTRs, and the PBS region of RSVP(A)Z (24) . The resulting plasmids (KS/U3CATG, KS/U3CATC, KS/U3CAT, and KS/U3TCTT) were sequenced to ensure that only the desired mutations were introduced. The MluI-SacI fragments from KS/U3CATG, KS/U3CATC, KS/U3CAT, and KS/ U3TCTT were used to replace the corresponding MluI-SacI fragment in RSVP (A)Z, which generated RSVP(U3CATG), RSVP(U3CATC), RSVP(U3CAT), and RSVP(U3TCTT), respectively.
To measure virus titer, the MluI-PvuI fragment of RSVP(A)Z1-LTRgfp (3) was replaced with the corresponding MluI-PvuI fragments in RSVP(U3CATG), RSVP(U3CATC), RSVP(U3CAT), and RSVP(U3TCTT), generating RSVP/ GFP(U3CATG), RSVP/GFP(U3CATC), RSVP/GFP(U3CAT), and RSVP/ GFP(U3TCTT), respectively.
In order to express recombinant Lac repressor, the nucleotide sequence corresponding to nucleotides 366734 to 365652 of the Escherichia coli K-12 strain (GenBank accession no. NC_000913) was PCR amplified from plasmid pLS1 (a generous gift from Kathleen S. Matthews, Rice University) with oligonucleotides Lac5 (5Ј-CGCGGATCCAAACCAGTAACGTTATACGATGTCGC-3Ј) and Lac3 (5Ј-CCGGAATTCCTGCCCGCTTTCCAGTCGGGAAACCTGTC-3Ј) carrying BamHI and EcoRI restriction sites, respectively (both sites are underlined). The PCR product was digested with EcoRI and BamHI and ligated between the corresponding sites of the pTrcHisA expression plasmid (Invitrogen, Carlsbad, CA), in frame with the polyhistidine (six-His) region, creating the N-terminal fusion six-His-Lac (plasmid pTrc-His-Lac).
The C terminus of the Lac repressor was modified by inserting a recombinant tobacco etch virus (rTEV) protease cleavage site, followed by a 23-residue peptide (BP; amino acid sequence, MASSLRQILDSQKMEWRSNAGGS) previously identified as the minimal substrate for BirA-catalyzed biotinylation in vivo. Proteins carrying this sequence are biotinylated by the endogenous E. coli biotin synthetase BirA, which catalyzes the transfer of biotin to the epsilon amino group of a lysine residue in the BP sequence (underlined in the amino acid sequence). The rTEV-BP coding sequence was PCR amplified using a pair of self-annealing oligonucleotides, RTEVB-5 (5Ј-CCGGAATTCGAAAACCTGTA TTTTCAGGGCATGGCTTCTTCCCTGAGGCAAATCCTGGACTCTC-3Ј) and RTEVB-3 (5Ј-CAGCCAAGCTTCGTCATCGGGATCCGCCAGCGTTAGATC TCCACTCCATCTTCTGAGAGTCCAGGATTTGCCTCAG-3Ј) carrying EcoRI and HindIII restriction sites, respectively (both sites are underlined, the nucleotide sequence corresponding to the BP peptide is shown in bold, and rTEV is italicized). The PCR product was cleaved with EcoRI and HindIII and ligated into the corresponding sites of the pTrc-His-Lac expression plasmid.
Cells, transfection, and infection. DF-1, a continuous line of chicken fibroblasts, was derived from EV-O embryos (12, 29) . The cells were maintained in Dulbecco's modified Eagle's medium (Gibco, Carlsbad, CA) supplemented with 5% fetal bovine serum, 5% newborn calf serum, 100 U of penicillin per ml, and 100 g of streptomycin (Quality Biological, Inc., Gaithersburg, MD) per ml. DF-1 cells were incubated at 39°C with 5% CO 2 , and 293-tva cells were incubated at 37°C with 5% CO 2 . Cells were passaged 1:5 at confluence with trypsin DeLarco (pH 6.8). Ten micrograms of plasmid DNA encoding RSVP(U3CATG), RSVP(U3CATC), RSVP(U3CAT), and RSVP(U3TCTT) was introduced into DF-1 cells by using the calcium phosphate transfection kit (Invitrogen), following the manufacturer's recommendations. DF-1 cells were incubated with medium containing 15% glycerol for 5 min at 39°C 16 h after transfection. The cells were washed twice with phosphate-buffered saline and incubated in fresh medium for 48 h. The 48-h supernatants were harvested and subjected to low-speed centrifugation to remove cellular debris. A portion of the infectious virions was used to infect fresh DF-1 cells. Selection for zeocin resistance was initiated 48 h postinfection with 300 g/ml of zeocin (Invitrogen).
Measurement of virus titer. Titers of viral stocks generated by transfection with the RSVP(A)Z1-LTRgfp vectors carrying the mutations were determined on 293-tva cells, and the percentage of green fluorescent protein (GFP)-positive cells was determined by flow cytometry 48 h after infection. The 293 cells expressing the tva receptor (293-tva) were kindly provided by John Young. The titers were normalized based on the amount of p27 antigen present in the viral stocks, as measured by p27 antigen capture enzyme-linked immunosorbent assay, giving a relative titer by normalizing the data to the values for wild-type RSVP/GFP.
Recovery of two-LTR circle junctions. Genomic DNA was isolated from infected DF-1 cells ca. 48 h after infection by using a DNeasy tissue kit (Qiagen). A portion of the recovered DNA was used to transform ElectroMax DH10B or DH5␣ (Invitrogen) by electroporation. Electroporation was performed as described previously (23, 24) .
Lac repressor protein expression. To express the recombinant Lac repressor protein, the pTrc-His-Lac-biotin plasmid was heat shock transformed into the competent E. coli Stbl2 strain (Invitrogen). a The last viral nucleotide at each end of the proviruses is indicated by a number, using the numbering system in Fig. 1B . 2 ml of LB medium (supplemented with 50 g/ml ampicillin for selection of transformed colonies; 2 mg/ml biotin was provided as a substrate for BP biotinylation), and the cells were grown overnight at 37°C with shaking. The next day, 1 liter of LB containing ampicillin and biotin was inoculated with 1 ml of the overnight culture and grown at 37°C with shaking to an optical density at 600 nm of 0.6 (mid-log phase of the cells). Lac expression was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and, after growth of the culture for another 5 h and removal of a 1-ml aliquot for protein analysis, the suspension was centrifuged and the resulting pellet was stored at Ϫ20°C for further use.
To confirm the expression of the recombinant Lac repressor protein, the pellet from the 1-ml aliquot was resuspended in 100 l of 20 mM phosphate buffer at neutral pH, frozen in liquid nitrogen, and thawed at 42°C (the freeze-thaw was repeated three additional times) followed by pelleting of the insoluble proteins for 10 min in a conventional tabletop microcentrifuge at maximum speed. The supernatant was fractionated on a 4 to 12% sodium dodecyl sulfate-polyacrylamide gel which was stained with Coomassie blue. This procedure confirmed the presence of a 43-kDa band corresponding to the recombinant Lac repressor monomer.
To confirm the presence of introduced C-and N-terminal modifications, the sample was subjected to standard Western blot analysis using two primary antibodies which detected the His tag (anti-His antibody from Sigma) and the biotinylated BP peptide (streptavidin-alkaline phosphatase conjugate), respectively (both antibodies were from Sigma). Both antibodies detected the 43-kDa protein, identifying it as the modified recombinant Lac repressor.
Lac repressor protein purification. To extract the Lac repressor protein, the E. coli cell pellet was resuspended in 10 ml of lysis buffer (50 mM NaPO 4 , pH 8.0, 50 mM NaCl, 0.75 mg/ml lysozyme, 1 mM phenylmethylsulfonyl fluoride) and incubated on ice for 30 min, after which the concentration of NaCl in the lysate was adjusted to 300 mM. The lysate was sonicated three times for 30 s (60% power plus 70% pulse) and centrifuged at 85,000 ϫ g for 1 h, and the supernatant was diluted 1:1 with 50 mM NaPO 4 , pH 6.8, 300 mM NaCl and passed over a Poly-Prep chromatography column (Bio-Rad) prepacked with 1 ml of BD Talon resin (BD Biosciences) that had been preequilibrated with 50 mM NaPO 4 , pH 7.0, 300 mM NaCl, 6 mM imidazole. The column was washed four times with 20 ml of the equilibrating buffer, and the bound protein was eluted with 20 ml of the elution buffer (50 mM NaPO 4 , pH 6.0, 300 mM NaCl, 600 mM imidazole, 10% glycerol).
Lac repressor-mediated recovery of integrated retroviral DNA. Genomic DNA was isolated from infected DF-1 (24, 25) cells that survived zeocin selection using a QIAamp DNA blood maxikit (Qiagen). To recover full-length proviruses, 100 to 200 g of genomic DNA was digested with DraI overnight at 37°C. One milligram of Dynabeads M-280 streptavidin (Dynal Biotech) was washed three times with a wash buffer (150 mM NaCl, 10 mM EDTA) and incubated with 3 to 6 g of purified biotinylated Lac repressor protein for 1 to 2 h at room temperature with gentle rotation of the tube. The Dynabeads-biotinylated Lac repressor mixture was washed three times with a wash buffer. The digested DNA was adjusted to 150 mM NaCl, 10 mM EDTA, 50 g of bovine serum albumin per ml, and 10% (vol/vol) glycerol in a final volume of 600 l and then incubated with the Dynabeads-biotinylated Lac repressor mixture for 2 h at room temperature with gentle rotation of the tube. The DNA-Dynabeads-biotinylated Lac repressor mixture was washed three times with 1 ml of wash buffer and eluted twice with 1 ml of elution buffer (10 mM Tris-HCl [pH 7.5], 10 mM EDTA, 10 mM IPTG) for 30 min at 37°C. The enriched DNA was extracted with phenol-chloroform and precipitated with ethanol. The precipitated DNA was ligated with T4 DNA ligase (30 U/200 l; Roche, Indianapolis, IN) for 18 h at 16°C. The ligated DNA was then used to transform E. coli as described above. After a 3-h recovery period in SOC medium at 37°C, the transformed bacteria were plated onto low-salt Luria-Bertani plates containing 50 g of zeocin per ml.
Sequencing of two-LTR circle junctions and integration sites. Recovered plasmids were directly sequenced using the following primers: the PBS primer (5Ј-ACTATCACGTCGGGGTCACCA) for the two-LTR circle junction and the U3 integration sites and the Ori-2 primer (5Ј-GCAAGCAGCAGATTACGC GCA) for the U5 integration sites. The Ori-2 primer was also used to confirm that the mutations were present in the recovered plasmids. In those cases in which the provirus was flanked by substantial duplications, the ends of the duplications were sequenced to demonstrate that the duplicated regions were present on both ends of the provirus. Chicken genomic sequences were analyzed by BLAT searches (http://genome.ucsc.edu/cgi-bin/hgBlat).
RESULTS AND DISCUSSION
The U3-end mutations affected virus titer. Starting with RSVP(A)Z, we changed the sequence that is normally found at the 5Ј end of U3 adjacent to the PPT (TT) and the CA dinucleotide that is normally found at the U3 end of the provirus. The behavior of the mutant viruses should help us understand how the sequence adjacent to the PPT affects the generation of the linear viral DNA and how IN inserts the linear DNAs produced by the mutants into the host genome. We also changed the CA dinucleotide in the 5Ј end of U3 to TC to ask how this substitution affects integration. The changes made in the viral mutants are shown in Fig. 1 .
To measure virus titer, viruses were generated by transfecting DF-1 cells with plasmids containing the U3-end mutations and the resulting viral stock was used to infect 293-tva cells. GFP expression was measured using fluorescence-activated cell sorting; the titers were normalized relative to the amount of p27 (capsid) in the infecting viral stock. RSVP(U3CATG) and RSVP(U3CATC) had relative virus titers that were indistinguishable from those of the wild type. However, RSVP (U3CAT) decreased virus titer to about 49% of that of the wild type. A similar result was obtained with the corresponding U5 mutant, RSVP(HIV1), in which the two nucleotides (TT) between the PBS and the CA dinucleotide of RSVAP(A)Z were changed to the one nucleotide that matches the HIV-1 sequence (G). The RSVP(U3CAT) mutation should put the canonical CA in the U3 end one nucleotide from the end of the linear DNA, just as the RSVP(HIV1) mutation puts the canonical CA on the U5 end one nucleotide from the other end of the linear DNA. The RSVP(HIV1) mutation decreased virus titer to about 46% of the wild-type level (24) . Surprisingly, the RSVP(U3TCTT) mutation had a more modest effect on viral titer, reducing the titer to 76% of the wild-type level, even though the canonical CA dinucleotide in the U3 end was changed to TC. This result differed from our previous result with the corresponding RSVP(CATC) mutant, in which the canonical CA dinucleotide in the U5 end was changed to TC; RSVP(CATC) decreased virus titer to about 36% of the wildtype level (24) . Because the titer of the mutants was within twofold of that of the wild type, we did not attempt to measure the synthesis of the viral DNA using real-time PCR. In our hands, the accuracy of real-time PCR is approximately twofold, so we were unable to determine whether any of the mutations had an effect on the efficiency of viral DNA synthesis; if there is an effect, it would be small (twofold or less). Fig. 2 . Although the two-LTR circle junctions obtained from the mutants included both insertions and deletions, the proportion of consensus sequence junctions that were derived from the joining of complete, normal copies of both ends of the linear viral DNA was not significantly different between the mutants and the wild type. Although in Table 2 the percentage of two-LTR circles in the wild type is slightly lower than the percentage of two-LTR circles seen with the mutants (62% versus approximately 80%), in previous experiments we found that the percentage of two-LTR circles produced in a wild-type infection was approximately 80% (24) . We previously reported that replacing the terminal 3Ј A of the RSV PPT with a G caused a preferential miscleavage one nucleotide into U3, following the newly created GA dinucleotide sequence. This miscleavage resulted in the deletion of the terminal adenine normally present at the 5Ј end of the U3, making the resulting linear viral DNA 1 bp shorter on the U3 end (3). Here, we replaced the T at the 3Ј end of U3 with a C (U3CATC) or with a G FIG. 4. A model for the generation of a duplication of host DNA during integration or the capture of host DNA into an unintegrated circular viral DNA. The U5 end is inserted normally by IN, which links the 3Ј end of the viral DNA to the host DNA (black ball on the right side of the figure). On the U3 end (left side of the figure) an aberrant joining event can involve either the 3Ј end or the 5Ј end. Arrow 1 shows the joining of the 3Ј end of the U3 end, which causes a duplication of host sequence (ABC) that lies between the two viral/host junctions, giving rise to an aberrant provirus flanked on both sides by the host sequence ABC. Arrow 2 shows, when the 5Ј end of the U3 end is joined to the host DNA, that the host sequence ABC is captured between the two ends of a circular viral DNA. 
Analysis of two-LTR circle junctions. Analysis of the two-LTR circle junctions from the mutants is shown in
a Four nucleotides from normal host/virus DNA junctions and six nucleotides from aberrant junctions are shown. Capital letters indicate sequences showing microhomology with the host DNA. The letters A to M correspond to the proviruses described in Fig. 3 . a At the U5 junctions, the last nucleotide was a 1 in all cases, using the numbering system in Fig. 1B . Six nucleotides from U3-end junctions are shown, and capital letters indicate sequences showing microhomology with the host DNA.
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(U3CATG), which resulted in a linear DNA in which there was either a 5Ј-GA or a 5Ј-CA at the U3 end of the linear viral DNA. Neither of these mutations affected the specificity of the cleavage of the PPT by Rous sarcoma virus (RSV) RNase H. These results suggest that, as expected, the specific cleavage that removes the PPT primer in vivo is much more dependent on the sequence of the PPT than it is on the adjacent sequence in U3.
Recovery of full-length integrated viral DNA. Although RSV RNase H properly cleaves the PPT primer in RSVP(U3CAT) and RSVP(U3TCTT), the mutations lead to the generation of linear viral DNAs with aberrant U3 ends, which raises the question of whether the aberrant ends are substrates that can be properly integrated by RSV IN. Full-length integrated viral DNA was recovered as described in Materials and Methods (see also references 24 and 25) .
Based on sequence analysis, most of the proviruses derived from infections with RSVP(U3CATG) and RSVP(U3CATC) arose from normal integrations in which two nucleotides were removed from each end of the linear viral DNA and the viral DNA was inserted into the host genome by IN, creating a 5-or 6-bp duplication of the target site sequence flanking the provirus (Table 1) . However, in one case, an RSVP(U3CATG) provirus was isolated in which the viral DNA was integrated using an internal CA sequence in U3, giving rise to a provirus flanked by a normal host DNA repeat of 6 bp (Table 1) . In another case, a provirus derived from infection with the RSVP (U3CATC) mutant virus had a deletion in U5 but had a normal U3 junction (Table 1 ; Fig. 3A) . Infections with this mutant gave rise to two-LTR circle junctions with U5 deletions; suggesting that some of the linear viral DNAs synthesized by this mutant had aberrant U5 ends. If we compare the aberrant U3 junctions obtained in infections with RSVP(U3CATC) (in which the mutations are in U3) with the aberrant U5 junctions of proviruses that arise from infections with a virus with mutations in the U5 end, the aberrant U3 and U5 junctions are similar (24) .
In the case of RSVP(U3CAT), about 70% of the proviruses were integrated normally, indicating that RSV IN can remove a single nucleotide from the U3 LTR terminus of the linear viral DNA during integration (Table 1) . However, 30% of the proviruses were aberrant (Fig. 3B to F) . In each of the aberrant proviruses, the terminus of the U3 LTR was deleted and none of the aberrant proviruses were flanked by a 5-or 6-bp duplication at the target site. In one case, there was a 29-bp deletion of host sequence at the target site. The proviruses were obtained by digesting host genomic DNA with DraI, which does not cleave in viral DNA. If an aberrant provirus is flanked by a large direct repeat of host sequence and the DraI sites lie outside the repeat, DraI cleavage allows us to recover host DNA that contains the complete direct repeats. However, if there is a DraI site in the repeated portion of the flanking host DNA, portions of both repeats are lost, and the recovered viral DNA is indistinguishable from an unintegrated circular DNA with host sequences between the two LTRs that could arise from an abortive integration event like the one shown in Fig. 4 (described below; see also reference 24). We suggest that most of the ambiguous DNAs that we have recovered are derived from proviruses for two reasons. (i) We selected cells that were zeocin resistant. The fact that we were able to select the cells suggests that a significant portion of the viral DNA is integrated because zeocin is expressed at a high-enough level to allow the cells to survive the selection. (ii) Many of the ambiguous DNAs have a DraI site in the host sequences. We did recover some circular DNAs in which the host DNA lacks a DraI site. These DNAs almost certainly derive from abortive integrations; these abortive integrations are discussed in a later section.
In the case of an infection with RSVP(U3TCTT), about 60% of the proviruses that we recovered were integrated normally, indicating that RSV IN can successfully remove two nucleotides beyond the mutated TC sequence, which, in this mutant, replaces the canonical CA that is normally found two nucleotides from the U3 LTR terminus of the linear viral DNA. In about 40% of the RSVP(U3TCTT) proviruses, the U3 LTR terminus was deleted and, more rarely, there was an insertion of the PPT and flanking sequences. In the aberrant integrations there were either large duplications or a deletion of the flanking host sequence, instead of the normal 5-or 6-bp duplication. For some of the aberrant proviruses (Fig. 3G to I) , we sequenced through the duplicated regions of host DNA at both ends of the proviruses into the nonduplicated sequences. One apparently normal provirus had what appeared to be the mutated TC sequence in the U3 LTR junction linked directly to host DNA. This would suggest that this was an IN-mediated insertion; however, there was a 321-bp duplication of the host sequence at the target site, which suggests that this provirus was not derived from a normal integration event (Fig. 3H) . This interpretation was supported by the fact that the last two nucleotides of the U3 LTR terminus were identical with the first two nucleotides of the host DNA. Microhomology at the host/virus DNA junction is not a characteristic of normal INmediated integration events; however, microhomologies are often found at aberrant host/virus DNA junctions that are generated by host enzymes (24, 25) (Table 2 ). The fact that there is microhomology at the host/virus DNA junction also means we cannot define the exact U3 junction for this provirus ( Table 2 , H). We isolated another apparently normal provirus; however, it was flanked by an inversion of host sequences (Fig.  3M ). There was no microhomology between the viral and host sequences at either of the host/virus junctions. We previously proposed a model to explain how an aberrant proviral insertion could generate an inversion of the flanking host sequence (25) .
Others previously showed that mutating the CA in either U3 or U5 caused a moderate reduction in the titer of HIV-1 (1, 22) . However, at least for RSV, a linear viral DNA with one defective end can be integrated into the host genome with good efficiency, even though the aberrant end is not inserted by IN. For this reason, titer is not sufficient to determine whether IN can properly insert an aberrant end. In RSV, mutating the CA in the viral DNA that is joined to host sequences has different consequences in U3 and U5. We previously reported that changing the CA dinucleotide in the U5 end to TC, the mutation in RSVP(CATC), prevented the normal IN-mediated insertion of the mutated U5 end in all the proviruses that we isolated (24) . However, in the experiments that we present here, making the corresponding mutation in U3, changing the CA sequence in the U3 end to TC, allowed IN-mediated insertion of the mutant end in 60% of the RSVP(U3TCTT) proviruses; these proviruses were flanked by the normal 5-or The name of the viral mutant from which the circular DNAs were derived is given in the left column for each group. D64K has a mutation in the active site of IN. W/T, wild type. For Pol-Env, the position of the junction is between the pol and env genes.
6-bp duplication of host sequence. Not surprisingly the titer of the U3 mutant RSVP(U3TCTT) was higher than the titer of the U5 mutant RSVP(CATC), 76% and 36% of the wild-type level, respectively. These results suggest that, in the context of the U3 end, TC, instead of the canonical CA, can be used reasonably efficiently by RSV IN, which means that the CA dinucleotide is not required at the U3 end for appropriate integration in vivo.
Recovery of circular viral DNAs derived from abortive integrations. When we recovered full-length proviruses, we also recovered 11 circular viral DNAs that contained host DNA sequences ranging in size from tens to hundreds of nucleotides, in which there was no DraI site ( Table 3 ). All of these circles contained a normal U5 junction; however, portions of the U3 end of the viral DNA were deleted and the new U3 end was joined to the host DNA in a way that caused the host sequence to be captured between the ends of a circular viral DNA (Fig.  3 ). There were, in 8 out of 11 cases, microhomologies involving one to five nucleotides between the ends of viral sequences and host sequences at the aberrant junction (Table 3) ; as has already been discussed, this is a characteristic of aberrant host/ virus junctions that are generated by host enzymes (24) .
Recovery of smaller circular viral DNAs. When we recovered the two-LTR circle junctions, we also recovered 130 circular viral DNAs in which a portion of the viral DNA was deleted from the U3 end (Table 4 ). In most of these smaller circles, the U5 end of the viral DNAs was abnormal: either the U5 end was deleted or a portion of the PBS/flanking sequence was retained. The U5 end of the viral DNA was then joined to various positions of the viral DNA, creating smaller circular viral DNAs. In six cases, a canonical CA sequence was present at the U5 end of the viral DNA, which suggests that these circular forms could have come from IN-mediated autointegration events. However, in five out of these six cases, we cannot define the exact U5 junction, because there are microhomologies involving one or two nucleotides between the two ends of the viral DNAs.
Olsen et al. (26) previously reported the structure of circular viral DNAs produced in RSV infections. Approximately 30% of the circular viral DNAs had aberrant U5 ends, and there were deletions in the 5Ј portion of the viral genome, similar to the circular viral DNAs reported here. Although they pointed out the common nucleotides present at each boundary of the deletion, the statistical significance of the microhomologies in their circular DNA isolates was not determined, due to limited numbers of circular viral DNAs recovered. Olsen et al. discuss the possibility that IN has a role in generating the small circles that arise during RSV infections without reaching a firm conclusion; however, their data are consistent with our interpretation that IN-mediated autointegration occurs rarely, if at all, in RSV infections. We have recently done experiments using an HIV-1-based shuttle vector that is similar to the RSV-based vectors used in the experiments reported here and recovered numerous circular viral DNAs that were obviously derived from one-ended and two-ended IN-mediated autointegrations, which shows that the technology would have allowed us to recover IN-mediated autointegrated viral DNAs if they had been present (unpublished observations).
In the present study, when the sequences used to form the viral/viral DNA junctions were compared, there were microhomologies involving from one to five nucleotides between the ends (Table 4) . Although the junctions with one homologous nucleotide were found at a frequency that was not higher than what could have occurred by chance, the frequencies of junctions in which there were two or more homologous nucleotides were high enough to be statistically significant. The probabilities (P) of obtaining the number of two, three, four, and five homologous nucleotides by chance were Ͻ0.0003, Ͻ0.0001, 0.0018, and 0.0022, respectively. In addition, we did not recover any circles arising from a concerted autointegration event in which both ends are processed correctly and inserted into the viral DNA in an orientation opposite from their own polarity, which creates a circular viral DNA that contains two unlinked LTRs with a 5-or 6-bp duplication at the target site. This type of autointegrated circular DNA is commonly found in cells infected by MLV and HIV-1. To exclude the involvement of IN in generating smaller circles, we recovered a set of small circular DNAs from cells infected with a virus mutated in the IN active site (D64K). When the viral/viral DNA junctions were examined, the smaller viral DNAs recovered in the absence of IN enzymatic activity were similar in their structure to those that we recovered from an infection with a virus that has a normal wild-type IN (Table 4 ), suggesting that the generation of smaller circles is independent of integrase activity. Taken together, these results suggest that RSV linear DNA, in contrast to MLV and HIV-1 linear DNA, does little, if any, autointegration. This should provide RSV with an important advantage. From the point of view of the virus, autointegration is a dead end that wastes a linear viral DNA that might otherwise be used to establish a provirus. Despite the fact that linear RSV DNA does not appear to autointegrate in vivo, it autointegrates efficiently when the preintegration complexes (PICs) are isolated from infected cells (19, 20) . The PICs of HIV and MLV appear to interact with a host factor, BAF (barrier to autointegration factor), whose presence reduces, but does not eliminate, autointegration. The striking contrast between the in vivo and in vitro results with RSV autointegration suggests the possibility that the RSV PIC interacts with some as-yetunidentified host factor that efficiently blocks autointegration of linear RSV DNA. Presumably, the procedures used by Lee and Coffin to isolate RSV PICs from infected cells removed this protective factor (19, 20) .
